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Summary 
This report considers results of an EU funded research on thermal properties of 
protective clothing and their use in the assessment of the thermal strain at work. In 
order to study the effects of the asymmetry of long wave thermal radiation on the 
heat transfer through protective clothing, the heat loss under all-side and unilaterally 
applied radiation with the same incident radiant power of 279 W/m2 was measured 
with a thermal manikin and compared to a reference condition where mean radiant 
temperature was equal to air temperature. With exposure to radiation a lowered heat 
loss, i.e. heat gain for the whole covered body area was observed, which did not 
depend on radiant asymmetry for the dry as well as for the combined dry and 
evaporative heat loss, and which was attenuated when wearing a more insulating 
underwear. However, under one-sided radiation a more inhomogeneous spatial 
distribution occurred with higher heat gains and higher surface temperatures at the 
irradiated body parts.  
Practical Relevance 
The direction of thermal radiation in the horizontal plane may be neglected when 
assessing the physiological heat strain in protective clothing by heat budget models. 
In contrast to this, it may be advisable to consider radiant asymmetries with respect 
to thermal comfort with low intensity radiation, and the most intense radiant source 
when assessing the risk of skin burns. 
Keywords 
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L'échange thermique à travers les vêtements protecteurs sous l’influence de 
rayonnement infra-rouge symétrique et asymétrique 
Résumé 
Cette étude reprend les résultats d'une recherche co-financée par la Communauté 
Européenne sur les effets thermiques des vêtements de protection et sur l'astreinte 
physiologique qui en résulte dans les conditions de tarvail. L'étude concerne  
l'influence de l’asymétrie de rayonnement thermique. L’échange thermique a été 
mesuré à l'aide d'un mannequin calorimétrique sous l’influence de rayonnement 
infra-rouge omnidirectionnel ou unilatéral avec le même flux incident de 279 W/m2 et 
a été comparé à une condition d’identité des températures de l’air et de 
rayonnement. En cas de rayonnement, l’absorption de chaleur par le corps total etait 
indépendante de la géométrie radiative en ce qui concerne les flux convectif, radiatif 
et évaporatoire. De plus, l’absorption etait réduite avec des sous-vêtements plus 
isolant. D'autre part, en condition de rayonnement unilatéral, on a observé des 
valeurs supérieures de l’absorption de chaleur et des températures de surface 
exposées principalement au flux radiant. 
Intéret pratique 
On peut négliger la géométrie plane du rayonnement thermique, s’il faut estimer par 
le calcul des bilans thermiques, les effets physiologiques du stress thermique avec 
les vêtements de protection. Toutefois, l’asymétrie de rayonnement représente un 
facteur important pour l'inconfort thermique, et il faut considérer les températures des 
objets environnants les plus chauds pour l’évaluation des risques de brûlure cutanée. 
Mots-clés 
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Wärmetransport durch Schutzbekleidung bei symmetrischer und 
asymmetrischer langwelliger Wärmestrahlung  
Zusammenfassung 
Arbeitskleidung, die zum Schutz vor chemischen, biologischen, mechanischen oder 
thermischen Gefährdungen getragen wird, stellt für den Nutzer eine zusätzliche 
thermische Belastung dar, da sie durch ihr zusätzliches Gewicht und ihre Steifigkeit 
die metabolische Wärmeproduktion während der Arbeit steigert, und gleichzeitig ihre 
erhöhte Wärmeisolation und ihr Wasserdampfwiderstand die für die Abkühlung des 
Körpers essentielle Schweißverdunstung behindern. Die Generierung von Daten und 
Modellen zur adäquaten Berücksichtigung dieser thermischen Eigenschaften von 
Schutzkleidung bei der Bewertung von Klimabelastungen war Gegenstand des von 
der EU geförderten Projektes THERMPROTECT (G6RD-CT-2002-00846). Heizbare 
anthropometrische Dummys, sog. Thermopuppen zur standardisierten Messung von 
Bekleidungsisolation und Wasserdampfwiderstand, wurden dabei auch zur validen 
und reliablen Registrierung der Wärmeabgabe mit Schutzbekleidung unter dem 
Einfluss von Feuchte und Wärmestrahlung eingesetzt. 
Dieser Beitrag vergleicht die Körpererwärmung durch symmetrische und 
asymmetrische langwellige Wärmestrahlung gleicher Strahlungsintensität (279 W/m2) 
in Relation zu einer Referenzbedingung, in der die mittlere Strahlungstemperatur der 
Lufttemperatur entsprach, für prototypische Arbeitsbekleidungen mit 
unterschiedlichen Reflexionsgraden und Wärmeisolationen. 
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Mit einer Thermopuppe, bei der die unbekleideten Hände, Füße und Kopf durch 
Aluminiumfolie gegen die Strahlung abgeschirmt waren, wurde die Wärmeabgabe für 
Oberbekleidungen aus Baumwolle und schwer entflammbarer Aramidfaser 
(Nomex®) in verschiedenen Farben sowie für einen mit Aluminium beschichteten 
reflektierenden Anzug ermittelt. Die Messungen erfolgten mit einer Polypropylen- 
sowie einer Woll-Unterwäsche, wodurch eine Variation der intrinsischen 
Wärmeisolation der Gesamtbekleidung zwischen 1.1 und 1.6 clo erzielt wurde. Um 
neben dem trockenen, d.h. dem kombinierten konvektiven, konduktiven und 
radiativen Wärmefluss auch die Evaporation zu berücksichtigen, wurden zusätzliche 
Versuche mit befeuchteter Woll-Unterwäsche durchgeführt. Die Erwärmung der 
Thermopuppe durch Wärmestrahlung wurde als Differenz der unter Referenz- und 
   
Wärmestrahlungsbedingung gemessenen Wärmeabgabe für die gesamte bekleidete 
Oberfläche sowie einzelne Körperareale berechnet. 
Die auf die Gesamtfläche bezogene Erwärmung durch Wärmestrahlung fiel mit der 
stärker isolierenden Unterwäsche geringer aus und war sowohl für den rein 
trockenen als auch für den mit Evaporation gekoppelten Wärmeaustausch von der 
Strahlungsasymmetrie unbeeinflusst. Jedoch wurden bei vorwiegend frontal oder 
lateral applizierter Strahlung an den hauptsächlich exponierten Körperstellen größere 
Erwärmungen und Oberflächentemperaturen registriert. 
Praktische Relevanz 
Den Ergebnissen zufolge kann in Situationen, in denen die physiologische 
Beanspruchung beim Tragen von Schutzkleidung unter Wärmestrahlungsbelastung 
mit Wärmebilanzmodellen bewertet werden soll, die horizontale Verteilung der 
Strahlungsintensität vernachlässigt werden. Dagegen sollten Strahlungsasymmetrien 
und die Hauptwärmequelle bei möglichen Beeinträchtigungen des thermischen 
Komforts sowie zur Beurteilung des Risikos für Schmerzempfindungen oder 
Verbrennungen auf der Haut berücksichtigt werden. 
Schlüsselwörter 
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Table captions 
Table 1. Plane radiant temperatures (tpr, °C) and radiant temperature asymmetries (∆tpr, °C) for the 
different radiation conditions measured at a height of 1.1 m above the manikin’s sole of foot. Terms in 
parentheses give the orientation relative to the manikin when rotated by 90° under lateral radiation (cf. 
Figure 1). 
Tabelle 1. Gerichtete Strahlungstemperaturen (tpr, °C) und Strahlungstemperatur-Asymmetrien 
(∆tpr, °C) für die einzelnen Expositionsbedingungen gemessen 1.1 m über der Fußsohle der 
Thermopuppe. 
Tableau 1. Les températures directionnelles de rayonnement (tpr, °C) et l’asymétrie de rayonnement 
(∆tpr, °C) enregistrées à 1.1 m au-dessus de la plante du pied du mannequin pour les conditions 
expérimentales. 
 
 
Table 2. Intrinsic thermal insulation (Icl) of the 2-layer ensembles with HHS and ULF underwear, 
respectively, and outer layer material’s vapour resisitance (Ret) and emissivity (ε) in the far infrared 
spectrum. (NM: not measured) 
Tabelle 2. Intrinsische Wärmeisolation (Icl) der Oberbekleidungen kombiniert mit HHS bzw. ULF 
Unterwäsche, sowie Verdampfungswiderstand (Ret) und Emissivität im Infrarotbereich (ε) des 
Außenmaterials. (NM: nicht registriert) 
Tableau 2. L'isolement vestimentaire (Icl) des tenues avec une couche interne (HHS ou ULF), ainsi 
que la résistance évaporatoire (Ret) et l’émissivité infra-rouge (ε) des couches externes. (NM: non 
enregistrée). 
 
 
Figure captions 
Figure 1. Position of the manikin TORE inside the climatic chamber and horizontal distribution of 
radiant heat flux under all-side (open circles) and one-sided (dotted line) thermal radiation. 
Bild 1. Position der Thermopuppe (TORE) und horizontale Verteilung der Wärmestromdichte bei 
einseitiger (gepunktete Linie) und allseitiger Wärmestrahlung (Kreise) in der Klimakammer. 
Illustration 1. La position du mannequin calorimétrique (TORE) dans la chambre climatique et la 
distribution horizontale du flux radiatif sous l’influence de rayonnement symétrique (cercles) et 
asymétrique (ligne en pointillé). 
 
Figure 2. Thermal manikin (left panel) with HHS underwear, gloves and socks (mid panel) and with 
black Nomex® coverall and head, hands and feet covered with aluminium foil (right panel). The dots 
mark the 6 locations of the surface temperature sensors in 4 layers (manikin, underwear, inside 
coverall, outside coverall).  
Bild 2. Thermopuppe (links) bekleidet mit HHS Unterwäsche, Handschuhen und Socken (Mitte), sowie 
mit dem schwarzen Nomex® Overall und mit Aluminiumfolie um Kopf, Hände und Füße (rechts). Die 
Punkte markieren die Positionen der Sensoren zur Registrierung der Oberflächentemperatur an 6 
Stellen in 4 Schichten (Thermopuppe, Unterwäsche, Overall Innen- und Außenseite) 
Illustration 2. Mannequin calorimétrique (à gauche) avec les sous-vetements HHS, gants et 
chaussettes (au milieu), et aussi avec la combinaison noire de Nomex®,avec la tête, les mains et les 
pieds couverts par feuille d'aluminium (à droite). 
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Figure 3. Manikin heat loss as measured with HHS underwear under reference and radiation 
conditions for the whole covered body area (head, hands, feet excluded) related to outerwear and 
radiation direction. 
Bild 3. Wärmeabgabe von der bekleideten Oberfläche (ohne Kopf, Hände, Füße) der HHS 
Unterwäsche tragenden Thermopuppe unter Referenz- und Wärmestrahlungsbedingungen in 
Abhängigkeit von Strahlungsrichtung und Oberbekleidung. 
Illustration 3. La déperdition thermique de la surface vêtue (sans la tête, les mains et les pieds) du 
mannequin avec les sous-vetements HHS en condition uniforme et en cas de rayonnement en relation 
à la direction du flux radiant en fonction des vêtements de dessus. 
 
Figure 4. Profiles of mean surface temperature (Tsurf) of the whole covered body area measured with 
HHS underwear at the different layers under reference (Ref) and radiation (Rad) conditions related to 
the outer layer material. 
Bild 4. Mittlere Oberflächentemperatur (Tsurf) der verschiedenen Schichten unter Referenz- (Ref) und 
Wärmestrahlungsbedingung (Rad) für die mit unterschiedlicher Oberbekleidung und HHS 
Unterwäsche bedeckte Gesamtfläche. 
Illustration 4. Températures moyennes de la surface vêtue (Tsurf) des couches internes et externes 
des tenues avec les sous-vetements HHS en condition uniforme (Ref) et en cas de rayonnement 
(Rad) en fonction des vêtements de dessus. 
 
Figure 5. Heat gain under frontal, lateral and all-side thermal radiation for different body parts and 
outer layer materials. Underwear worn is HHS. 
Bild 5. Erwärmung verschiedener Körperareale durch allseitige, frontale und laterale Wärmestrahlung 
mit unterschiedlicher Oberbekleidung und HHS Unterwäsche. 
Illustration 5. Absorption de chaleur des parties du corps par le rayonnement omnidirectionnel, frontal 
et latéral en fonction des vêtements de dessus. Expérimentations avec des sous-vetements HHS. 
 
Figure 6. Increase in the surface temperature (∆Tsurf) of the HHS underwear under all-side, frontal and 
lateral radiation at different body parts related to the outer garment material. 
Bild 6. Temperaturanstieg (∆Tsurf) an verschiedenen Stellen der Oberfläche der HHS Unterwäsche bei 
allseitiger, frontaler und lateraler Wärmestrahlung in Abhängigkeit zur Oberbekleidung. 
Illustration 6. Augmentation de température (∆Tsurf) à la surface des sous-vetements HHS sous 
l’influence de rayonnement omnidirectionnel, frontal et latéral en relation avec les vêtements de 
dessus. 
 
Figure 7. Manikin whole body heat gain by frontal and all-side radiation with dry (left panel) and 
wetted (right panel) ULF underwear related to the outer garment material. 
Bild 7. Erwärmung durch frontale und allseitige Wärmestrahlung mit trockener (links) und feuchter 
(rechts) ULF Unterwäsche und unterschiedlicher Oberbekleidung. 
Illustration 7. Echauffement du mannequin calorimétrique par le rayonnement frontal et 
omnidirectionnel avec les sous-vetements (ULF) secs (à gauche) et humidifiés (à droite) en relation 
avec les vêtements de dessus. 
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1 Introduction 
Protective clothing, that is worn for securing the worker from thermal, mechanical or 
chemical hazards, imposes additional thermal stress to the user, because it hampers 
the transport of heat and moisture to the environment and increases the metabolic 
heat production by its weight, stiffness and bulkiness, which cause higher energy 
expenditure while carrying out muscular work (Havenith 2002; Holmér 2006; Parsons 
2006). The characteristics of protective clothing are not considered appropriately in 
currently applied procedures for heat stress assessment (ISO 7933 2004; Malchaire 
et al. 2001; Parsons 2006). On the one hand, the accumulated sweat in the clothing 
lowers the thermal insulation and impairs the predictive capacity of the utilised 
thermoregulatory models (Cheuvront et al. 2007; Gebhardt et al. 2007), on the other 
hand, the discrepancies in the predicted heat strain under thermal radiation observed 
by Forsthoff et al. (2001) were higher for clothed compared to nude persons. 
Therefore, the main objective of the EU funded research project THERMPROTECT 
(Havenith et al. 2005) was to provide basic data and models on "Thermal properties 
of protective clothing and their use" for improving the assessment of thermal stress. 
Issues related to the increased metabolic rate, problems with cold protective clothing 
(Kuklane et al. 2007) and the effects of moisture (Bröde et al. 2008; Havenith et al. 
2008; Richards et al. 2008) were addressed. A further major work item dealt with the 
effects of both solar and far infrared radiation (FIR) utilising a stepwise experimental 
approach comprising material tests with heated flat plates or cylinders, experiments 
with thermal manikins and human trials (Meinander et al. 2006). 
One specific topic was concerned with the effects of FIR that reaches different body 
parts with different intensity while wearing protective clothing. 
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Such radiation asymmetries have been studied in research on thermal comfort with 
both human subjects (Fanger et al. 1985) and thermal manikins (Bohm et al. 1999; 
Candas 1999), and are considered in thermal comfort standards (ASHRAE 2004; 
ISO 7730 1994), as environments with a higher degree of asymmetry are perceived 
more uncomfortable compared to a homogeneous situation. On the other hand, 
several studies comparing the physiological heat strain caused by symmetrical and 
asymmetrical heat radiation while performing physical activity could not demonstrate 
a difference in the responses of core temperature, sweat production or heart rate 
   
(Forsthoff & Neffgen 1999; Neuschulz 2003; Wenzel et al. 1991). However, all these 
studies were conducted with (almost) nude or slightly clothed persons or manikins. 
The physiological effects of heat radiation while wearing workwear or protective 
clothing have been studied occasionally (Hettinger et al. 1992; von Hertting et al. 
1984), indicating that the radiant heat transmitted to the body can be attenuated by 
more insulating or aluminised clothing (Müller & Hettinger 1995). Recently, Richards 
& Fiala (2004) showed that the heat strain measured with humans under asymmetric 
thermal radiation while wearing different types of fire fighter clothing agreed well with 
manikin data and predictions from a mathematical model if the clothing was not 
totally impermeable against the evaporation of moisture. But systematic studies 
comparing symmetric with asymmetric radiation environments while wearing 
protective clothing could not be identified. 
Thus, the objective of the present study was to provide data on the heat transferred 
to the skin caused by FIR radiating with different intensities on separate areas of the 
body while wearing protective clothing. Aspects related to the outer layer’s reflectivity 
as well as to variations in clothing insulation generated by different inner layer 
materials and by moisture inside the clothing were also to be considered. 
In order to attain detailed information about the heat transferred to the separate body 
segments, the measurements were carried out with a thermal manikin. Manikins are 
routinely used for measuring the thermal insulation (ISO 15831 2004). However, 
comparisons between different manikins and with human data (Bröde et al. 2007) 
have demonstrated their capability for also delivering reliable and valid recordings of 
FIR effects on heat loss. 
2 Methods 
2.1 Climatic exposure chamber 
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The facilities at IfADo allow for the application of high intensities of FIR while keeping 
the other climatic parameters (in particular air and wall temperature) constant. For the 
simulation of FIR the chamber uses four so-called radiation towers (Figure 1), each 
equipped with 30 ceramic panels, which are electrically heated up to 750 °C and are 
installed about 3 m above the ceiling. They emit FIR of peak wave lengths between 
2-10 µm, which is routed into the chamber via reflecting shields. The FIR emitted by 
all 4 towers operating simultaneously has a symmetric cylindrical shape (Wenzel & 
Forsthoff 1989), whereas with 2 active towers the resulting geometry is asymmetric, 
   
like a bulged half-cylinder with some radiation from the back (Wenzel et al. 1991), as 
parts of the radiant heat are diffusively reflected by the hammered sheet metal walls. 
Concerning the vertical distribution of radiation intensity, the deviation from the 
nominal value along the vertical axis is less than 3% (Kampmann 1982). 
Insert Figure 1 about here 
Air temperature (ta) and wet-bulb temperature were controlled by dry- and wet-bulb 
temperature readings obtained from an Assmann psychrometer with two precision 
mercury thermometers, air velocity (va) was measured by a vane anemometer and 
the radiation intensity was measured by readings of the temperature of a standard 
black globe (tg), which was positioned 1.35 m above the floor corresponding to a 
distance of 1.1 m above the level of the manikin’s feet. Globe temperature was used 
in combination with ta and va to calculate mean radiant temperature (tr) according to 
ISO 7726 (1998). Plane radiant temperatures in 6 directions (cf. Table 1) and frontal, 
lateral and vertical radiant temperature asymmetries were measured by Brüel & Kjaer 
Climate Analyser 1213 with MM0036 Radiant Temperature Asymmetry Transducer. 
2.2 Thermal manikin 
The electrically heated thermal manikin TORE (Holmér & Nilsson 1995) was 
transported from Lund University to the climate simulation laboratory at IfADo. This 
manikin’s surface area is divided into 17 zones that are connected to a power supply 
and a computer-controlled system that regulates each zone’s surface temperature 
individually to a given set-point (34 °C). The computer system also records the 
surface temperature and supplied power data for each zone and stores them in 10 s 
intervals for later evaluation (Kuklane et al. 2006). 
The manikin was installed in a standing position into the centre of the climatic 
chamber (Figure 1 & 2) and was operated statically, i.e. without movement of the 
extremities. After installation the manikin’s temperature sensors were calibrated by 
measuring the temperatures on the nude manikin while the power supply was not 
operating and the environmental conditions were set to tr = ta = 34 °C, va = 0.5 m/s 
and 50% relative humidity (rh). The differences in measured temperatures from 34 °C 
were entered as offset values into the computer control software. 
Insert Figure 2 about here 
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2.3 Climatic conditions 
   
To ensure the reliable operation of the manikin's heating mechanism under radiant 
heat load, i.e. in order to avoid passive overheating of the radiated zones above the 
set-point, the experiments were carried out at a low ta of 5 °C, with 50% rh and va = 
0.5 m/s. Pre-tests with the manikin wearing the polypropylene underwear and black 
Nomex® coverall (Figure 2) had shown that with semi-cylindrical frontal radiation with 
tr = 50 °C the mainly radiated body areas at chest and abdomen were still heated by 
7 to 10% of the maximum heating capacity. 
Thus, tr = 50 °C, corresponding to 279 W/m2 incident radiant power and 121 W/m2 
effective radiant heat flux (Gebhardt et al. 1995), was chosen as an upper limit for 
frontally applied FIR with the manikin’s heating system still operating reliably. This 
condition was compared to a uniform, cylindrical all-side radiation with the same tr, 
and a homogeneous condition with tr = ta = 5 °C was included as a reference. 
Exposure to lateral radiation was realised by applying the frontal condition after 
rotating the manikin by 90° (Table 1), so that it was exposed to wind and radiation 
from the right side (Figure 1). For this manikin position the homogeneous reference 
condition was also measured. 
Insert Table 1 about here 
2.4 Clothing 
Two-layer ensembles with intrinsic thermal insulation (Icl, i.e. without boundary air 
layer on outer surface, ISO 15831 2004) ranging between 1.1 and 1.6 clo were 
studied with polypropylene underwear (Helly Hansen Super Bodywear 140 g/m2, 
HHS) or a wool/polyamide coverall undergarment (Ullfrotté 400 g/m2, ULF), 
respectively, combined with different types of outer layers made of cotton, aramid 
(Nomex®) or PVC materials (Table 2). Equally sized, uniformly designed no-pocket 
coveralls were purpose-built and possessed a waist band, which was tightened, and 
were sealed by a zipper at the front and Velcro® fasteners at ankles, wrists and 
along the front up to the collar. 
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The manikin wore socks and gloves, and the head, hands and feet were shielded 
against FIR with aluminium foil (Figure 2). With ULF underwear, experiments were 
performed with the underwear being both dry and pre-wetted with 800 g water. In 
order to keep the total number of experimental conditions manageable, only all-side 
and frontal radiation as well as the corresponding reference condition were studied 
with ULF underwear. For the purpose of protecting the manikin’s electrical system 
   
from moisture in these experiments, its surface was covered by a polyethylene film. 
Water vapour resistance (Ret) values of the outer layers used in the tests with wet 
underwear as shown in Table 2 were obtained from material tests (ISO 11092 1993). 
Insert Table 2 about here 
2.5 Measurements and procedure 
Twenty-four thermistors (YSI 427, Yellow Springs, USA) were fixed with a porous 
adhesive non-woven fabric (Fixomull® stretch, Beiersdorf, Germany) on 4 layers 
(manikin, underwear, inside coverall, outside coverall) for recording the surface 
temperatures at 6 locations (left chest, left anterior thigh, left calf, right scapula, right 
upper arm, right lower arm, Figure 2), from which area weighted average values 
(Höppe et al. 1985) were computed. 
After dressing the manikin and fixing the sensors all climatic conditions with that 
clothing were studied without changing the configuration of the manikin, then the 
same procedure was applied to the next clothing combination. To attenuate the 
influence of dressing and variability in clothing fit on the results, the whole procedure 
was carried out twice for each clothing condition. 
Measurements were continued until a steady state of local heat losses and surface 
temperatures was obtained for at least 20 minutes. Then for the surface 
temperatures steady state values were computed by averaging the samples of the 
final 10 minutes that had been stored in 4 s intervals.  
Steady state values were also calculated from the final 10 minute recordings of heat 
loss as area weighted averages of the local heat losses according to the parallel 
method (ISO 15831 2004) for the whole body, frontal and back torso, and left and 
right extremities excluding the recordings from the non covered head, hands and 
feet.  
As ta remained constant during the application of FIR the results are presented as 
(changes in) measured heat loss and surface temperatures averaged over the two 
replications. 
3 Results 
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Under reference conditions (tr = ta), the heat losses observed at the extremities were 
higher than at the torso, especially for the right extremities when they were exposed 
   
to lateral wind from the right side. Figure 3 reveals no differential effects of the wind 
coming from the front or right side on the whole body heat loss, only the values for 
the reflective suit, that in general showed marginally lower heat losses, i.e. a higher 
insulation compared to the other suits (Table 2), were slightly higher with lateral wind. 
Insert Figure 3 about here 
3.1 FIR effects with thin underwear 
The results for the ensembles with HHS underwear showed a decrease in whole 
body heat loss, i.e. heat gain for the conditions with radiant heat stress compared to 
the reference, that was observable for the whole covered body area (Figure 3) as 
well as for the frontal and back torso and for the right and left extremities.  
Insert Figure 4 about here 
Nearly identical results were obtained for the black and orange Nomex® material, 
also when considering the surface temperatures (Figure 4), which increased under 
radiation. In contrast to this, the reflective suit only showed very small FIR effects 
both in terms of heat losses and in surface temperatures, where the temperature 
gradient between the manikin surface and the inner side of the outer layer was nearly 
maintained to the level of the reference condition under radiant stress. The increase 
to the outside of the reflective suit may not represent the true clothing surface 
temperature, as will be discussed later on. 
Figure 5 shows that the whole body heat gain under radiant heat load, i.e. the 
difference in heat loss to the reference condition, was similar for frontal, lateral and 
all-side radiation, but that frontal radiation affected differently the frontal and back 
torso, thus causing inhomogeneous spatial distribution of heat gain. Similar relations 
were found for lateral radiation from the right side and the right and left extremities. 
Insert Figure 5 about here 
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Correspondingly, there were only small differences in the increase in underwear 
surface temperature averaged over the whole body area under the different types of 
radiation stress (Figure 6). There again, the local values showed differential reactions 
with a greater increase at the chest under frontal radiation, but also with higher 
values at the right scapula compared to the left side of the chest when exposed to 
lateral radiation from the right side. 
   
Again these results were nearly identical for the black and orange Nomex® coverall, 
but also for the reflective material, though showing much smaller heat gain, the 
above mentioned relations between global and local effects tended to be observable. 
Insert Figure 6 about here 
3.2 Frontal and all-side radiation with thick and wet underwear 
There were only small differences in the heat gain of the whole covered body area 
measured with frontal and all-side radiation for the studied low reflective materials. 
This was not only observed with dry ULF underwear (Figure 7, left panel), thus 
confirming the results with the thinner HHS underwear, but also with wetted 
underwear, i.e. for the effects on the combined dry and evaporative heat loss (Figure 
7, right panel). 
Compared to the trials with HHS underwear, the FIR induced heat gain was 
attenuated with the thicker ULF underwear and was further lowered with the wet 
underwear, but not for the impermeable rainwear, that showed more heat gain when 
wet.  
Insert Figure 7 about here 
4 Discussion 
Subtracting the heat loss measured under radiant heat stress from that of a reference 
condition allowed for the determination of the FIR induced heat gain by means of a 
heated thermal manikin. The heat gain was attenuated more when wearing 
underwear with higher thermal insulation, which corresponds to the reports of  Müller 
& Hettinger (1995), and when moisture could evaporate from the wet underwear. The 
black and orange Nomex® suit showed very similar responses to FIR, which 
correspond to their comparable values of emissivity. In other experiments with solar 
radiation however (Kuklane et al. 2006), a colour effect with higher heat gain for the 
black outer clothing had been observed. 
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The reflective suit showed a marginal heat gain from FIR accompanied with an only 
slight increase of the inner layers’ surface temperatures. The observed increase in 
temperature to the outside of the reflective suit (Figure 4) may not represent the true 
clothing surface temperature, but may be caused by the heat absorbed by the 
adhesive tape that was used for fixing the thermistor and whose emissivity in the 
   
infrared spectrum was presumably comparable to that of the skin or the low reflective 
materials (~0.9), but was considerably higher than that of the aluminised suit. A 
similar discrepancy had been observed with solar radiation (Kuklane et al. 2006), but 
to a lesser extent due to the minor difference in emissivity in the visible spectrum 
between the reflective coverall and the matt transparent tape used there. 
The wind direction had only small effects with higher heat losses under lateral wind 
for the whole body with the reflective coverall and for the most exposed right body 
extremities for all coveralls. But even a larger wind effect would not have confounded  
the results related to the main objectives, i.e. comparing the effects of all-side with 
frontally and laterally applied FIR, as separate reference conditions with wind from 
the front and right side were included into this study. 
Our results approve the negligible effects of the horizontal direction of thermal 
radiation on the dry as well as on the combined dry and evaporative heat loss of the 
whole body covered by workwear with thermal insulation between 1.1 and 1.6 clo, 
and radiation protective clothing. This had been postulated based on the absence of 
differences in physiological heat strain that had been observed in human studies with 
light clothing (Forsthoff & Neffgen 1999; Forsthoff et al. 2001; Neuschulz 2003; 
Wenzel et al. 1991), and was further confirmed by the results of experiments with 
persons wearing the black Nomex® suit with HHS underwear performed within the 
THERMPROTECT project (van Es et al. 2006). In that study, no significant 
differences were found when comparing the physiological responses to radiation of 
the solar spectrum that was applied either frontally or evenly from the front and the 
back.  
On the other hand the similar magnitude of heat gain of the whole body induced by 
symmetric all-side and asymmetric frontal and right-side FIR was accompanied by 
higher inhomogeneity in its spatial distribution with locally increased heat gain and 
surface temperatures for the radiated body areas during the exposure to one-sided 
FIR. This has also been observed in thermal comfort studies (Candas 1999) and may 
be responsible for the greater impairment of psychological responses to frontal FIR 
observed in experiments with humans wearing normal workwear (Neuschulz 2003). 
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The higher amount of heat transported to the skin of the radiated area under non-
uniform radiation, that was accompanied by higher surface temperatures, may result 
in skin burns at higher intensities than applied here, as e.g. with a point source 
   
emitting long wave radiation the local surface temperatures measured at the 
underwear reached up to 43 °C (Meinander et al. 2006) or up to more than 50 °C 
when exposed to solar radiation (Kuklane et al. 2006). For the purpose of evaluating 
the risk of skin burns the radiation direction with the maximum intensity should be 
considered (Müller & Hettinger 1995), whereas the integration of the directional 
radiation intensities into one value (e.g. of the black globe or mean radiant 
temperature) seems to be useful for heat budget analyses and the prediction of the 
physiological heat strain. It is important to note that the radiated surface area factor 
describing the fraction of skin surface involved in heat exchange by radiation (ISO 
7933 2004) was not an issue in our experiments, because the radiated surface area 
was not altered under the radiation conditions, only the separate body parts were 
irradiated with varying intensities. 
One important methodological consequence concerning the modelling work of the 
THERMPROTECT project, which emerges from the virtually identical FIR effects on 
whole body heat loss for frontal and all-side radiation with the same mean radiant 
temperature, is the justification for pooling these data for the development of models 
predicting FIR induced changes in heat loss (i.e. heat gain). This allows for 
performing experiments with all-side radiation at higher mean radiant temperature, as 
the radiation intensity applied in the experiments reported here was the maximally 
possible for reliable operation of the manikin’s measurement system under one-sided 
radiation. Within the THERMPROTECT project, experiments were conducted with 
mean radiant temperatures up to 88.7 °C corresponding to 457 W/m2 effective 
radiant heat flux, which covers the range of radiant heat stress observed at most 
industrial workplaces (Meyer & Rapp 1995; Müller & Hettinger 1995), and also during 
wildfire suppression (Eglin 2007). Thus the validity range for the conclusions and 
models predicting the influence of thermal radiation on the heat exchange through 
protective clothing, which emerge from this project (Havenith et al. 2005), will be 
increased. 
5 Conclusions 
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In conclusion, the aspects related to the asymmetry of thermal radiation in the 
horizontal plane may be neglected when assessing the physiological heat strain in 
protective clothing by heat budget models. In contrast to this, it may be advisable to 
   
consider radiant asymmetries with respect to thermal comfort with low intensity 
radiation, and the most intense radiant source when assessing the risk of skin burns.  
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Tables 
Table 1. Plane radiant temperatures (tpr, °C) and radiant temperature asymmetries (∆tpr, °C) for the 
different radiation conditions measured at a height of 1.1 m above the manikin’s sole of foot. Terms in 
parentheses give the orientation relative to the manikin when rotated by 90° under lateral radiation (cf. 
Figure 1). 
 
Condition tpr 
front 
(right)
tpr 
back 
(left) 
∆tpr 
frontal 
(lateral)
tpr 
right 
(front)
tpr 
left 
(back)
∆tpr 
lateral 
(frontal)
tpr 
top 
tpr 
bottom 
∆tpr 
vertical
reference 5.0 5.0 0 5.0 5.0 0 5.0 5.0 0 
frontal 
(lateral) 
61.8 32.2 29.6 52.9 54.8 -1.9 44.0 45.7 -1.7 
all side 49.1 46.7 2.4 52.5 55.3 -2.8 44.9 45.6 -0.8 
 
Table 2. Intrinsic thermal insulation (Icl) of the 2-layer ensembles with HHS and ULF underwear, 
respectively, and outer layer material’s vapour resisitance (Ret) and emissivity (ε) in the far infrared 
spectrum. (NM: not measured) 
 
Outer layer  Description Icl (clo) HHS / ULF
Ret
(m2 Pa / W) ε 
Black cotton pure cotton 1.1 / 1.4 3.6 0.93 
Black Nomex Nomex®, aramid 1.2 / 1.5 4.7 0.88 
Orange Nomex Nomex®, aramid 1.1 / NM NM 0.88 
Black laminated Nomex®, laminated on inside 1.1 / 1.5 5.8 0.88 
Reflective Nomex Nomex®, aluminized on outside 1.4 / 1.6 NM 0.06 
PERM hydrophobic layer with inner PTFEa membrane NM / 1.6 5.6 NM 
IMP PVCa rainwear NM / 1.4 ∞ NM 
20 
a PTFE: polytetrafluoroethylene, PVC: polyvinyl chloride 
   
Figures 
 
Figure 1. Position of the manikin TORE inside the climatic chamber and horizontal distribution of 
radiant heat flux under all-side (open circles) and one-sided (dotted line) thermal radiation. 
 
 
 
Figure 2. Thermal manikin (left panel) with HHS underwear, gloves and socks (mid panel) and with 
black Nomex® coverall and head, hands and feet covered with aluminium foil (right panel). The dots 
mark the position of the 24 surface temperature sensors (6 locations, 4 layers: manikin, underwear, 
inside coverall, outside coverall). 
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Figure 3. Manikin heat loss as measured with HHS underwear under reference and radiation 
conditions for the whole covered body area (head, hands, feet excluded) related to outerwear and 
radiation direction. 
 
 
Figure 4. Profiles of mean surface temperature (Tsurf) of the whole covered body area measured with 
HHS underwear at the different layers under reference (Ref) and radiation (Rad) conditions related to 
the outer layer material. 
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Figure 5. Heat gain under frontal, lateral and all-side thermal radiation for different body parts and 
outer layer materials. Underwear worn is HHS. 
 
 
 
Figure 6. Increase in the surface temperature (∆Tsurf) of the HHS underwear under all-side, frontal and 
lateral radiation at different body parts related to the outer garment material. 
 
 
Figure 7. Manikin whole body heat gain by frontal and all-side radiation with dry (left panel) and 
wetted (right panel) ULF underwear related to the outer garment material. 
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